This paper describes experimental demonstrations of a wireless power transfer system equipped with a microwave band communication function. Battery charging using the system is described to evaluate the possibility of the coexistence of both wireless power transfer and communication functions in the C-band. A battery-free wireless sensor network system is demonstrated, and a high-power rectifier for the system is also designed and evaluated in the S-band. We have confirmed that microwave wireless power transfer can coexist with communication function.
Introduction
Most electrical devices are powered by wires, but wired connections limit the mobility of portable devices and the payloads of cars and spacecraft. There is thus a strong demand for practical wireless technologies to reduce the weight of communication and power-supply wiring. There are three wireless power transfer (WPT) categories: electromagnetic coupling type [1, 2] , magnetic resonance type [3, 4] , and microwave radiation type [5, 6] . Table 1 summarizes important features of each category. Coupling-and resonant-type WPT devices using MHz frequencies have been reported [7, 8] , but such devices are not suitable for high-speed signal and command transfer or cannot transfer energy over distances of several meters. Microwave WPT shows more promise, since the microwave band is commonly used in applications such as wireless local area network and cellular network systems. Also, WPT-based microwave bands can transfer both energy and command signals over long distances.
The WPT systems using microwave or millimeter wave bands are categorized into three types, according to power level. The first is the scavenging type, for targeting very weak power densities [9] [10] [11] such as in wide coverage services, for example, TV or radio broadcasting and cellular base stations [6, 12] . The second is an energy harvester type, for targeting weak power densities [13] such as narrow coverage area services, for example, wireless local or personal area networks, and other mobile terminals. The third is active energy transfer systems such as those used in space solar power stations [14, 15] and wireless charging of electric vehicles [5, 16] . Other energy sources such as heat and vibration can also be harvested [17] [18] [19] . Table 2 summarizes these categories. Microwave rectifiers are a key device for realizing these systems, in particular diode-based microwave rectifiers [20] [21] [22] [23] . These systems and rectifiers support only microwave WPT functions and do not coexist with communication functions.
We previously proposed a 4-bit digital phase shifter [24] and active integrated phased array antenna with beam steering capability [25] for effective use of microwave energy, since propagation loss is large compared to other WPT configurations. This paper describes and discusses experimental demonstrations of wireless powering with communication technology using microwave bands. Section 2 introduces two concepts of wireless powering technologies. Section 3 designs and evaluates a microwave rectifier suitable for the technology and demonstrates a battery charging system using WPT integrated with communication technology and beam steering functions. Section 4 designs and evaluates a full wireless and battery-free sensor network system.
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Proposal and Design of WiCoPT and WiSEnT
The main objective of our research group is to develop a completely wireless sensor network system for use in reusable rockets. Toward this end, we have proposed wireless information/communication and power transmission (WiCoPT) and wireless sensor and energy transfer (WiSEnT) technologies. Simultaneous wireless power and data transfer at microwave frequencies has been achieved in RFID applications. The differences between our proposal and RFID systems are the delivered power, frequency band, and operating time width. Practical RFID applications use milliwatt-class power levels, several tens of MHz frequency bands, and millisecond-order communication times, whereas our proposal uses watt-class power levels, microwave frequency bands, and communication/WPT time widths on the order of minutes or hours. between the WiSEnT technology and conventional wireless sensor networks is whether DC power is wireless or wired. The base station has a microwave-band WPT transmitter and communication transceiver for sensor control and data receiving, and the sensor node has a microwave-band rectifier that supplies DC power to sensor nodes. The sensor and data transceiver operate using DC power and thus do not require batteries. The WPT and communication signal frequencies are sufficiently different to avoid mutual interference. The illustration shows only one sensor node, but more nodes will be added in actual applications. The WiSEnT technology thus realizes a completely wireless sensor network.
Experimental Demonstration of WiCoPT
This section shows the microwave rectifier design and describes potential integration with beam steering technology and a battery charging demonstration of the WiCoPT technology.
Design and Evaluation of the Microwave Rectifier for
WiCoPT. A Schottky diode is commonly used for microwave rectifiers. The rectifier converts microwave energy to DC energy used as a power supply for electrical or mechanical devices or for battery charging. We use a field-effect transistor, in particular a high-electron-mobility transistor (HEMT), as a rectifying device. The rectifier utilizes the HEMT as a diode when the drain and source of the HEMT terminals are grounded. The HEMT-type rectifier is easily integrated into a monolithic microwave integrated circuit for future miniaturization. Figure 3 shows a circuit diagram for a basic design of the C-band rectifier using a HEMT device. The rectifier design method is based on configuration with an input/output filter [26] . Open stubs using a 50 Ω microstrip line are used to configure the role of the input/output filter. A DC cut capacitor and an RF cut inductor are placed at the input and output port, respectively. The open stub near the DC cut capacitor is an input matching network to the RF connector. L2 and L3 have an initial length of /4, since impedance A 5.8 GHz rectifier for WiCoPT technology was thus successfully developed using the GaAs HEMT.
Evaluation of WiCoPT with Beam
Steering. This section describes results of an experimental demonstration of a 5.80 GHz WiCoPT system with beam steering capability. Figure 7 shows a block diagram of the demonstration. In the demonstration, configuration of a directional coupler is applied to show the validity of the configuration described in Section 2. The transmitting side has horizontal 1D beam steering capability using four phase shifters operating at 5.80 GHz. The phase shifter is a four-bit digital phase shifter [25] . A 4×4 circular patch array is used as four 1×4 subarrays. The 4 × 4 array is placed on a turntable so that the array beam is directed to the horn antenna when the beam is steered. The array antenna is designed using HFSS (Ansys Co.). Physical parameters such as patch diameter and element spacing are optimized by 3D electromagnetic field simulation. The phase shifter is controlled by PXI hardware (National Instruments Co.). The LabVIEW software individually controls DC biases of the SPDT switches in the 4 phase shifters. The system can arbitrary create four-bit phase shifts, so beam direction is also arbitrary controlled digitally in the horizontal direction by adding phase shift between the element antennas. The modulated baseband signal is upconverted to 5.80 GHz and equally divided into four branches. The modulation method is quadrature phase shift keying (QPSK), and the sample rate is 1 MSPS. A pseudonoise (PN) sequence of order 14 is used as random data. A root-raised cosine filter with alpha 0.5 is used in both the transmitting and receiving sides. The modulation/demodulation evaluation system of the PXI hardware is used. A 10 dB directional coupler is used in the demonstration to divide the received power for both the demodulation and rectification parts, so 90% power of the received signal is used for rectification. The rectifier without BPF described in Section 3.1 is used. Figure 8 shows the measured RF-DC conversion efficiency and DC output power when the beam is steered. Over 45% efficiency is obtained when the beam is steered from −20
∘ to 35 ∘ . Figure 9 shows the constellation of the received signal. When the beam is steered to +35 ∘ , the error vector magnitude (EVM) and bit-error rate (BER) of the received signal are 14.6% and below 6.1 × 10 −5 , respectively. When the beam is steered to −20 ∘ , EVM and BER of the received signal are 14.9% and below 6.1 × 10 −5 , respectively. The measurement range of the BER is limited to 6.1 × 10 −5 , due to the hardware memory.
The BER is affected by the coupling factor of the directional coupler. The coupling factor should be determined considering the balance between sensitivity of the receiver and rectification efficiency. In the demonstration shown in this section, a coupling factor of 10 dB is selected since communication quality is prioritized, such as BER of below 6.1 × 10 −5 , which is the measurement limitation. The measured BER deteriorates to 3.2 × 10 −3 when a 20 dB directional coupler is used. Therefore, a coupling factor larger than 10 dB deteriorates the BER, as in the PXI system. From the viewpoint of rectification efficiency, the input RF power of the rectifier in Figure 7 is considered to be around 17 dBm from Figures 6 and 8 . The efficiency will degrade when a coupler with a coupling factor of less than 10 dB is used. Considering this trade-off, a coupling factor of 10 dB is used.
The beam steering function is thus effectively integrated with the WiCoPT technology. Also, wireless communication and power transfer are conducted simultaneously. Figure 10 shows a block diagram of the battery charging demonstration using the WiCoPT technology. The concept is based on the BPF configuration described in Section 2. To deliver both DC power and data from the transmitter to the receiver, 5.80 GHz CW and 5.82 GHz modulated signals are generated on the transmitter side. To get high DC output power and charge the battery, eight rectifiers are arranged in parallel on the receiver side. The 5.80 GHz rectifier is equipped with a 20 MHz BPF. Eight output signals from the BPF in the rectifier are combined and input into the demodulator. DC out terminals of the rectifier are connected to the battery charge control unit. To prevent overcharging, the control unit limits the voltage and current to 3.9 V and 80 mA. At the beginning of charging, the control unit limits the current to 80 mA. If the output voltage reaches 3.9 V, which is the charge finish voltage, the control unit stops current flow to the battery. Output voltage of the rectifier changes since the load resistance, which corresponds with input resistance of the control unit, changes. The modulation method is QPSK, and the sample rate is 1 MSPS. A root-raised cosine filter with alpha 0.5 is used on both the transmitting and receiving sides. The modulation/demodulation evaluation system of the PXI hardware is used. The distance between the transmitting and receiving antennas is 40 cm. Total output power of the transmitter side is 40 dBm and 31 dBm at 5.80 GHz and 5.82 GHz, respectively. Input power of the rectifier at 5.8 GHz is calculated as 21.4 dBm considering propagation loss, cable loss, gain of the amplifier, conversion loss of the mixer, and insertion loss of the combiner and divider. The RF-DC conversion efficiency is measured by comparing the consumed power of the load and input RF power of the rectifier. EVM and BER are also measured. Measurement is carried out in an anechoic chamber. Figure 11 shows time domain characteristics of the voltage and current at the rectifier and the battery. It takes 20 min to charge the battery to 3.9 V. The battery charge control unit has operated normally since charging current is initially limited to 80 mA and finally to 0 mA. Battery charging capability is confirmed from the evaluation. Input resistance of the unit changes during charging, so an additional circuit will be required to obtain maximum RF-DC conversion efficiency in future applications. Figure 12 shows constellations of the received signal. EVM and BER of 11.5% and below 6.1 × 10 −5 are measured, respectively. The BER measurement range is restricted to 6.1 × 10 −5 due to the hardware memory. We have thus validated the WiCoPT concept, including both communication and power functions.
Battery Charging Demonstration Using WiCoPT.
We have confirmed the validity of the WiCoPT technology using the two configurations described in Sections 3.2 and 3.3 and shown that microwave band WiCoPT technology is effective for future integration in WPT-based communication systems.
Application of WiSEnT in Completely Wireless Sensor Network
As an application of the WiSEnT technology, a wireless thermal sensor is powered by WPT technology using a microwave band.
Overview of the Demonstration Using
WiSEnT. The sensor node has an S-band rectifier, a thermal sensor, and a 400 MHz band transceiver. DC power is provided by the S-band rectifier to the thermal sensor and transceiver. There is no battery in the sensor node. A 4 × 4 circular patch array antenna is used as both base station and sensor node antennas.
Design and Evaluation of S-Band Rectifier.
One of the key devices of the technology is a microwave rectifier that can supply watt-class DC power. Figure 14 shows the S-band rectifier circuit. An NPT25015 GaN HEMT (Nitronex) is used for the rectifying element, since GaN HEMT has high breakdown characteristics comparable with GaAs ones, making the GaN device preferable for high-power application. Drain and source terminals are grounded to be used as Schottky diodes. A DC cut capacitor and an RF cut inductor are placed at the input and output terminals, respectively. Treatment of the harmonics is based on the design method described in Section 3.1. The design method shown in Section 3.1 is used. Figure 15 shows simulated and measured results of the optimal load resistance under the conditions of 30 dBm input RF power at 2.25 GHz. Optimal load resistance is 11 Ω, and the conversion efficiency is 10.8%. Figure 16 shows simulated and measured input-output characteristics of the rectifier. A 2.25 GHz CW signal and 11 Ω load resistance are used. A maximum RF-DC conversion efficiency of 36.7% is obtained when input power is 46 dBm. A maximum DC output power Table 3 shows a power diagram of the system. The total efficiency of conversion from RF power of the base station to DC power available in the sensor node is 0.35% when 47.6 dBm output RF power from the base station is defined as the reference power. Input RF power of the sensor node is 35.6 dB, which corresponds to 6.3% of the base station output power, considering Tx/Rx antenna gain, feed loss, and propagation loss. RF-DC conversion efficiency is calculated as 5.5% since power consumption of the thermal sensor of 200 mW and RF input power of 35.6 dBm is considered. The RF-DC conversion efficiency is degraded since input resistance of the thermal sensor is not matched to the optimal load resistance of the rectifier. The total efficiency value is not pessimistically low since the total efficiency will be increased by adding more sensor nodes. At least a 100 W-class high-power amplifier or high gain antenna will be required to maximize performance of the rectifier and exceed 10 W DC power. Figure 17 shows the measurement setup in an anechoic chamber. Two 4 × 4 arrays, the GaN rectifier, a thermal sensor, and ice for cooling the sensor are shown. Figure 18 shows measured data from the thermal sensor, with sensor data and rectifier output voltage corresponding to the sensor supply voltage. In the demonstration, the thermal sensor is cooled by ice to show normal operation of the sensor. RF output is stopped and the sensor is cooled from 910 to 1035 s. At 1040 s, RF output and the sensor start. Sensor data show a temperature around 25 ∘ C, which corresponds to room temperature. After the cooling, the sensor data show a temperature around 0 ∘ C. Measurement of the system is conducted in an anechoic chamber. We have thus successfully demonstrated a completely wireless sensor network system using the WiSEnT technology.
Experimental Demonstration of WiSEnT.
Conclusion
We have proposed the WiCoPT and WiSEnT technologies and provided experimental demonstrations of the feasibility for the coexistence of WPT and communication in a batteryfree wireless sensor network system. 5.80 GHz GaAs HEMT rectifiers with a 20 MHz BPF were designed and evaluated for WiCoPT technology. Output DC power was 50 mW with efficiency of 49.7%. The fabricated rectifier was used for a WiCoPT demonstration. 400 mW output power was obtained and 1 MSPS QPSK communication with 11.5% EVM was conducted. A high output power 2.25 GHz GaN HEMT rectifier was designed for WiSEnT technology. A maximum output DC power of 17.8 W was measured. A battery-free wireless sensor network was created using the rectifier as a WiSEnT technology demonstration, and a wireless sensor network was realized by the WiSEnT technology. Our proposed technologies should be effective for a wireless power system integrated with communication functions in future wireless sensor network applications such as cars and spacecraft.
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